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Straight, low-aspect ratio micro flow cells are used to support biofilm attachment

and preferential accumulation at the short side-wall, which progressively reduces

the effective channel width. The biofilm shifts downstream at measurable velocities

under the imposed force from the constant laminar co-flowing nutrient stream. The

dynamic behaviour of the biofilm viscosity is modeled semi-analytically, based on

experimental measurements of biofilm dimensions and velocity as inputs. The tech-

nique advances the study of biofilm mechanical properties by strongly limiting

biases related to non-Newtonian biofilm properties (e.g., shear dependent viscosity)

with excellent time resolution. To demonstrate the proof of principle, young

Pseudomonas sp. biofilms were analyzed under different nutrient concentrations

and constant micro-flow conditions. The striking results show that large initial dif-

ferences in biofilm viscosities grown under different nutrient concentrations

become nearly identical in less than one day, followed by a continuous thickening

process. The technique verifies that in 50 h from inoculation to early maturation

stages, biofilm viscosity could grow by over 2 orders of magnitude. The approach

opens the way for detailed studies of mechanical properties under a wide variety of

physiochemical conditions, such as ionic strength, temperature, and shear stress.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4968522]

I. INTRODUCTION

Bacterial biofilms are heterogeneous viscoelastic materials, comprised of living bacteria

enclosed within an extracellular polymeric matrix (EPM) of polysaccharides, DNA, and pro-

teins. Their mechanical properties are complex and specially adapted to support survival, with a

primary function to prevent detachment from a surface under shear flow conditions.4,27,33,40,43

The biofilm viscosity is an important property from the perspective of biofilm spreading

(contamination) across surfaces,8 streamer formations,9,26,46 and biofilm cohesivity.10 Biofilm

viscosity has also been noted to affect bacteriophage penetration through Pseudomonas aerugi-
nosa. This is interesting because at the same time planktonic cell proliferation from pseudomo-
nas sp. biofilms was shown to be nearly uniform under applied shear stresses in the range of

9.4 mPa–320 mPa, which almost certainly has an effect on the biofilm viscosity due to their

non-Newtonian character.3,15 In addition to shear response, the complexity of biofilm viscosity

can be traced to passive response to other environmental conditions, for example, in most cases,

by thickening or thinning due to the presence of dissolved ionic species and thinning with

increases to temperature.5,7,34,50 However, living biofilms are not only predicted to have
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different mechanical properties due to the mere physical presence of bacteria,1 they also

respond actively to their environment. Therefore, it is difficult to generalize how biofilms

respond to their environments. For example, shear thinning has been reported for some strains

such as Streptococcus mutans and Chlorella vulgaris7,54,57 and shear thickening in P. aerugi-
nosa.19 Reported mechanical responses to different ions have also been varied.20,23,36 Moreover,

living biofilms demonstrate intriguing time-dependent behaviour. For example, temporary

increases to shear stress can be elastically absorbed by biofilms, but under long-term applica-

tion, viscous flow becomes dominant as a mechanism to dissipate internal stresses.45,48 The

characteristic time for this transition, the elastic relaxation time, is 18 min, which is assumed to

be the result of the phenotypic changes to the bacteria.41,48,53

Often elasticity is the focus of rheological studies of biofilms, with viscosity being pro-

duced as a by-product. For example, parallel plate rheometers36 or analysis of stress-strain

curves produced using time-limited changes to shear forces by cycling nutrient flow rates in

growth cells.11,19,45,51,52 However, changes to imposed shear can induce measurement biases in

viscosity for non-Newtonian biofilms. Moreover, since the time-scale of most laboratory growth

experiments is longer than the elastic relaxation time quoted above, biofilms exhibit viscous

liquid properties. This is particularly true for growth in microfluidic flow cells, which are

becoming popular due to controlled laminar flow, eliminating chaotic fluctuations to

shear.16,18,30,35 Despite being technically demanding, microrheology is a promising approach to

obtain biofilm mechanical properties without inducing viscosity biases.7,8,44 However, until now

no correlated fluctuation measurements have been undertaken, to ensure that the long-range

properties are being measured,24 which could help resolve the discrepancies in microrheology

results.4 Most recently, a semi-empirical approach using a two-layer model of biofilms growing

in microchannels has been demonstrated as a method to monitor time-varying viscosity. The

technique was applied to follow biofilm development in time under different ionic strengths but

required an estimation of biofilm height based on indirect measurements and a calibration

method using transmission microscopy.35

In this work, a measurement technique was devised which is based on continuous tracking

of biofilm movement under slow, unchanging laminar flow. Measurements, therefore, could be

made with excellent time resolution. With the aid of a new semi-analytical model, optical

microscope measurements are interpreted to reveal viscosity. This was achieved by the develop-

ment of a novel three-layer flow model in a rectangular cross-section microchannel with rele-

vant boundary conditions. This approach contributes a new focus on viscosity properties to the

growing body of work using fluid mechanics modeling methods for biofilms, such as thin-film

asymptotic model to describe biofilm growth,12,13,56 mass transfer,39 differential-discrete mathe-

matical modelling of structure,38 and others.55 The approach opens the way for less intrusive,

time-resolved studies of the effect of a range of physiochemical effects on biofilm mechanical

properties, such as ionic strength.23,35

The development of the rest of the paper is as follows. Section II explains our experimental

setup. Section III discusses experimental observations. The details of out model are presented

in Section IV. These include the geometry of the problem, the assumptions, the governing equa-

tions, the boundary conditions, the flux functions obtained, and the solution procedure. The

results of the model are presented and discussed in Section V. Sections VI and VII conclude

the paper with a discussion and summary.

II. EXPERIMENTAL SETUP

A transparent straight-channel microfluidic flow cell was fabricated with height, width, and

length being ê ¼ 400 ðlmÞ,31 Ĥ ¼ 2000 ðlmÞ, and L̂ ¼ 25 ðmmÞ, respectively. The dimensions

were chosen based on literature reports of biofilm accumulation at the microchannel side wall

for channels with similar aspect ratios.17 Fabrication was accomplished by casting polydime-

thylsiloxane (PDMS) against a template mould (FlowJEM, Canada), which consisted of a pho-

toresist (SU8-3000, Microchem) patterned on a silicon wafer support. The microchannel fea-

tures in the PDMS were irreversibly sealed by a microscope coverslip (Fisher Scientific, USA)
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via air plasma activation (PCD-001 Harrick Plasma, Ithaca, NY, USA). No channel sagging or

collapse was observed in the sealed bonded channels (Fig. 1). We also note that while glass-

PDMS devices are common for microfluidic studies of cells and biofilms, the heterogeneous sur-

face environment of our channels should be acknowledged. Generally, it is known that a molecu-

lar conditioning layer can adsorb to the channel walls, rendering the surface chemistry similar42

even for initially heterogeneous environments. In addition, it is accepted that PDMS allows the

easy exchange of small gas molecules between the microchannel contents and the ambient envi-

ronment.29 The combination of a slow flow rate (enabling longer time for gas exchange) and a

high surface area to volume ratio of the low aspect channels was assumed to provide adequate

O2 concentrations for biofilm growth. Liquid delivery to the device was driven by a syringe

pump (Harvard, PhD 2000) holding 60 (ml) polypropylene syringes (BD, USA), connected to

perfluoroalkoxy (PFA) tubing (U-1148, IDEX, WA, USA). The nutrient solution consisted of

diluted Luria-Bertani (PFA) medium, which consisted of 0.05 (wt. %) yeast extract and either

0.02 (wt. %) or 0.1 (wt. %) tryptone (Sigma-Aldrich, USA), 0.1 (wt. %) NaCl (Caledon

Laboratories Ltd., Canada). Sterile distilled water was used in all cases. This formulation was

between 10 and 50 times lower concentration of typical LB medium, to prevent catastrophic

sloughing, which is known to happen for high nutrient concentrations.21 Biofilm-forming bacteria

were Pseudomonas sp. CT07, which are considered equivalent to Pseudomonas ßuorescens
CT07,58 were cultured at 30 (�C) for 3 days in an LB nutrient Petri dish via streaking. The bacte-

ria were scraped from the surface and suspended in 3 (ml) of the nutrient medium. The tube was

incubated overnight on an orbital shaker (300 (rpm)) at 30 (�C). Before inoculation of the micro-

fluidic device, the tube, connectors, and microfluidic channel were all disinfected by first flowing

70% ethanol for 2 (h) at 1 (ml/h), followed by a 2 (ml/h) flow of sterilized distilled water for 1

(h). Inoculation was achieved by flowing bacteria pre-culture into the channels for 30 (min) at

0.1 (ml/h). After this, the inoculant flow was exchanged with a flow of the preprepared modified

LB medium with a fixed volumetric flow rate of Q̂2 ¼ 0:1 ðml=hÞ, which corresponded to a

velocity of V̂0 ¼ 125 ðmm=hÞ in the empty microchannel. At this flow rate, the dilution rate

(reciprocal of residence time) was 10 (h�1). As this was faster than the planktonic doubling rate

in the bulk phase (<1 (h�1)), we conclude that all changes to optical density (OD) were from the

accumulated biofilm at the channel walls.2 In order to minimize the thermal effect on bacterial

metabolism or biofilm mechanical properties, the room temperature was set at 24.5 (�C). A local

probe attached to the device verified that temperature stayed constant within 24.5 6 0.50 (�C)

during the experiments. Once the experiments started, no changes to volumetric flow rates or

other experimental conditions were made.

Characterization through the transparent microfluidic channel was accomplished in the

transmission mode, using an inverted microscope (IX-73, Olympus, Canada), with 2� objective

FIG. 1. (a) A cross-section of the microchannel bonded to a glass slide in the x̂ � ẑ plane. The channel height is ê. (b)

Biofilm layers growing at the sides of the microchannel at t̂ ¼ 120 (h) grown under 0.1 (ml/h) flow of a 0.1 (wt. %) tryptone

LB nutrient solution. The red dashed line shows the approximate position of the visible biofilm edge. Subfigures (a) and (b)

are oriented to have the same direction of their widths. Ĥ is the microchannel width (2 (mm)) for images in (a) and (b). Flow

was from left to right. Some contrast enhancement was applied to (b) to better visualize the wall adhered biofilm. The scale

bars in (a) and (b) are both 1 (mm). Fluorescent images at t̂ ¼ 70 ðhÞ showing individual green fluorescent protein (GFP) bac-

teria close to the vertical side wall (c) and close to the channel middle (d). Images were acquired with 60� oil immersion

lens at a vertical distance of about 20 (lm) from the glass surface, which was determined when the centre-located biofilm

began to reduce in the number of bacteria, demonstrating its lower height. Scale bars in (c) and (d) are 50 (lm).
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(numerical aperture 0.06) and condenser with numerical aperture (0.9). A digital camera was

used to collect 5 megapixel, 8-bit monochrome images, with exposure time, illumination inten-

sity, and gain set by the controlling software (Image ProPlus 7.0, Media Cybernetics, USA).

Time-lapse videos were created from the acquisition of micrographs every 30 min for 120 (h).

Image analysis was conducted using the Fiji bundle for ImageJ.47 Quantitative measurements of

biofilm optical density (OD) were from pixel intensities using the first image in the time lapse

movie series as a background. Image analysis of biofilm motion was accomplished using a

particle tracking algorithm.28 Here, we tracked identifiable portions of the biofilm in the (x̂ � ŷ)

plane as they moved under the force of the flowing nutrient solution. An average time-

dependent velocity was extracted from the entire dataset using the relation in the following

equation:

~̂v t̂ ¼

XN

i

d̂net;i

N

Dt̂
; (1)

where ~̂v t̂ was the average velocity at time t̂, i was a unique index value for each of the N
tracked biofilm segments (typically 30<N< 50), d̂net;i was their measured down-stream distance

travelled between images, and Dt̂ was the time interval between images (0.5 (h)).

III. EXPERIMENTAL RESULTS

Side-wall adhering biofilms were grown in microchannels under two different nutrient

concentrations (0.02 (wt. %) and 0.1 (wt. %)) flowing at Q̂2 ¼ 0:1 ðml=hÞ. Nutrient flow rates

at Q̂2 ¼ 0:2 ðml=hÞ or higher did not produce side-wall adhered biofilms, likely due to unfav-

ourable hydrodynamic conditions. As an example, the biofilm grown in 0.1 (wt. %) and Q̂2

¼ 0:1 ðml=hÞ could be seen accumulating at the side walls starting around 64 (h), after which

its width continued to increase until about 80 (h) and remained constant during the entire mea-

surement (Fig. 1). These trends are shown in Fig. 2 along with the change in width for the 0.02

(wt. %) sample, which increased more-or-less linearly for the entire observation time.

In this work, we assume that the biofilm occupies the entire vertical space between the bot-

tom and top walls in the optically dense regions near the side walls (see Fig. 3) as has been

observed in previous work and which is confirmed by the observation of flowing debris deviat-

ing from their flow trajectory to avoid certain local protrusions from the average biofilm/liquid

interface.17 This resulted in a constriction in the channel dimensions, which in turn increased

the flow velocity and shear force against the biofilm. As we mention in Section VI, however,

the change in shear values due to moderate constrictions is very low. The instantaneous velocity

of biofilm segments was obtained by tracking after wall accumulation started which yielded an

average time varying biofilm flow velocity. This was conducted separately at each wall in order

to account for possible differences in biofilm thickness. Next, a mathematical model was devel-

oped to convert the biofilm velocities and their transverse width to viscosities.

Figs. 2(a) and 2(b) show our experimental measurements. Fig. 2(a) depicts the variation of

the width of the biofilm layer (ĥ) versus time (t̂). Width measurements were performed after

the accumulation of the biofilm at the microchannel wall for t̂ � 64 ðhÞ. The width of the bio-

film layer increased with time. Fig. 2(b) shows the experimental value of the average speed of

the biofilm layer.

IV. MATHEMATICAL MODEL

In this section, we develop a mathematical model to predict the biofilm viscosity. In the

development of the model, we were inspired by a number of papers using two-layer fluid flows

in rectangular ducts in different contexts.6,14,25 In terms of the mathematics, we extend these

models to three-layer fluid flows. As well, and perhaps more importantly, we employ such

methods to extract specific variables of the flow that can be effectively used for biofilm growth
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applications. Table I shows the dimensional and dimensionless parameters used in our experi-

ments and model.

As time increases, we consider the formation of the biofilm along the vertical side-walls of

the microchannel, whose width (ĥ) grows with time (t̂), while its height remains equal to that

of the microchannel (ê) at all times (Fig. 3). Under the pressure gradient f̂ ¼ � @p̂
@ŷ, there is an

FIG. 2. (a) Width of the biofilm layer (ĥ) versus time (t̂) from the beginning of the experiment. (b) The biofilm layer aver-

age speed ( �̂�V 1) versus time (t̂) measured using our experiments. In each subfigure, two different nutrient concentrations are

shown: 0.02 (wt. %) (blue triangles) and 0.1 (wt. %) (red circles). Shaded error bands were determined by standard devia-

tion in measurement values at each time.

FIG. 3. The schematic view of the two-phase flow system and the relevant geometries. See Table I for units, relations, and

values. The flow is symmetric with respect to the center of the channel. Biofilm layers are formed at channel side walls and

grow with time. Each biofilm layer has a width of ĥ, which is the average value measured experimentally. Nutrient solution

flow (large blue arrow) with volumetric flow rate Q̂2 and a mean imposed velocity V̂ 0 ¼ Q̂2/Â (where Â is the channel

cross section area) is from left to right. The resulting biofilm flow rate Q̂1 and mean velocity
��̂V 1 are in the same direction

(small blue arrow). Directionality of x̂; ŷ; ẑ is defined with red arrows.
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imposed flow of the solution (containing nutrients) into the microchannel with a mean speed of

V̂0 ¼ Q̂2=Â, where Q̂2 is the imposed flow rate of the solution and Â is the cross sectional area

of the microchannel. At each moment, we assume that the width of the biofilm is uniform along

the microchannel and that the length of the biofilm layer is sufficiently long in the ŷ direction.

The former assumption implies that the interfacial deformations, promoted by the flow profile

in x̂, relax faster than the gradient in ŷ.25 We also assume that the interface between the two

fluids is completely flat and we position the center of our Cartesian coordinates at the middle

of the interface (i.e., at ê=2 with respect to the upper/lower walls). We neglect surface tension

and we also assume that the interface between the two phases remains sharp. As Fig. 3 shows,

the assumed configuration resembles a classical multi-layer fluid flow in a restricted geometry.

We consider a stationary, fully developed, parallel (purely viscous) flow of the two fluids

involved: fluid 2 (the solution) and fluid 1 (the biofilm). Although biofilms are known to exhibit

non-Newtonian properties,48 for simplicity we assume the fluids involved to be both Newtonian.

This assumption may be justified by considering that we are interested in longer time dynamics

of the flow, which are beyond the relaxation time of the biofilm. As well, the imposed shear

stresses are very low in our experiments, which may not induce a non-Newtonian response.

Although the model that we develop here is rather general and it can be used for viscosity ratios

both smaller and larger than 1, it is known that the biofilm normally has a larger viscosity com-

pared to that of the solution. Fluid 2 moves downstream under the effect of the pressure gradient

f̂ (assumed to be the same for the two fluids), while slowly dragging fluid 1 behind it. Using

measurements of nutrient solution viscosity (supplementary material), we took the viscosity of

fluid 2 to be constant with time and to be equal to that of water, i.e., l̂2 ¼ 1 ðmPa sÞ. The densi-

ties of the fluids are assumed to be equal.

Using the assumptions mentioned, the Navier-Stokes equations are simplified and the prob-

lem reduces to finding the solution of Poisson equation

r2V̂ iðx̂; ẑÞ ¼ �f̂ =l̂i; (2)

TABLE I. Dimensional and dimensionless parameters used in our experiments and model.

Variable symbol Name SI units Value ranges Scaled with

Unitless

version

ĥ Biofilm width m 0–10�3 ê h

L̂ Channel length m 25� 10�3 ê L

Ĥ Channel width m 2� 10�3 ê H

ê Channel height m 4� 10�4 ê 1

Â Channel cross section m2 8� 10�7 ê2 A

l̂2 Solution viscosity Pa s 10�3 l̂2 1

t̂ Time s 0–432� 103 ê=V̂ 0 T
�̂V 1 Biofilm flow velocity averaged

over x̂ and ẑ
m/s 0–2.8� 10�9 V̂ 0

��V 1

V̂ 0 Solution mean imposed flow velocity m/s 3.47� 10�5 V̂ 0 1

Q̂2 Solution flow rate m3/s 2.78� 10�11 V̂ 0ê2 Q2

ðx̂; ŷ; ẑÞ Cartesian coordinates m (�1 to 1, 0 to 25,

�0.2 to 0.2)� 10�3

ê (x, y, z)

p̂ Pressure N/m2 Delivered by the model l̂2V̂ 0=ê p

f̂ Pressure gradient N/m3 Delivered by the model l̂2V̂ 0=ê2 f

V̂ 1ðx̂; ẑÞ Biofilm flow velocity m/s Delivered by the model V̂ 0 V1(x, z)

V̂ 2ðx̂; ẑÞ Solution flow velocity m/s Delivered by the model V̂ 0 V2(x, z)
�̂V 1ðx̂Þ Biofilm flow velocity averaged over ẑ m/s Delivered by the model V̂ 0

�V 1ðxÞ
Q̂1 Biofilm flow rate m3/s Delivered by the model V̂ 0ê2 Q1

l̂1 Biofilm viscosity Pa s Delivered by the model l̂2 m
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where V̂ iðx̂; ẑÞ are the velocity component in the ŷ direction and i¼ 1 and 2 refer to fluids 1

and 2, respectively. While V̂ i is a two-dimensional profile in the ŷ direction which depends on

x̂ and ẑ, the velocity components in the x̂ and ẑ directions are assumed zero. The consideration

of a 2D velocity profile (instead of 1D) comes from the fact that in general the effects of the

walls cannot be neglected for our restricted low-aspect ratio microchannel geometry.

In order to solve the differential equation (2), we rely on the series decomposition (in terms

of hyperbolic functions) of the velocity field, which has been used for similar two-layer fluid

mechanics problems.6,14,25 The common method is to split the velocity into two terms,

V̂ iðx̂; ẑÞ ¼ V̂
I

iðẑÞ þ V̂
II

i ðx̂; ẑÞ. The first term is the unperturbed velocity far away from the inter-

face while the second term is expected to vanish far away from the interface and it satisfies

Laplace equation r2V̂
II

i ðx̂; ẑÞ ¼ 0. Using the no-slip boundary conditions at the upper and lower

walls, the first term can be simply obtained as

V̂
I

i ẑð Þ ¼ ê2f

8l̂i

1� 2ẑ

ê

� �2
" #

: (3)

Therefore, the velocity profiles can be expressed analytically as a sum of hyperbolic

functions:

Vi x; zð Þ ¼
f

8mi
1� 2zð Þ2 þ

X1
n¼1

32 �1ð Þn

P3
� ai;n sinh Pxþ bi;n cosh Px
� �

cos Pz

 !
; (4)

where P ¼ ð2n� 1Þp; m1 ¼ m ¼ l̂1=l̂2 and m2¼ 1. Only a few terms of the series are suffi-

cient to obtain reasonable convergence. We have made Equation (4) dimensionless using the

channel height ê as length scale and the mean imposed velocity V̂ 0 as velocity scale. Pressure

and stresses are made dimensionless with l̂2V̂0=ê. Each mode P involves two constants for

each fluid, i.e., ai,n and bi,n, which are found through applying the appropriate boundary condi-

tions, i.e., the no-slip boundary conditions at a side wall of the microchannel, the continuity of

velocity and tractions at the interface, and the symmetry of the velocity profiles in the middle

of the channel (at y ¼ ðH � 2hÞ=2). Therefore, the constants can be found as

ai;n ¼
�1þ cosh Ph� m cosh Phð Þsinh PH

m cosh Ph cosh PHþ sinh Ph sinhPH
; (5)

b1;n ¼
sinh Phð Þsinh PHð Þ 1� mð Þ þ m cosh PHð Þ

m cosh Phð Þcosh PHð Þ þ sinh Phð Þsinh PHð Þ ; (6)

b2;n ¼
1þ m� 1ð Þcosh Phð Þ
� �

cosh PHð Þ
m cosh Phð Þcosh PHð Þ þ sinh PHð Þsinh Phð Þ ; (7)

where H ¼ ðH � 2hÞ=2. We now integrate each velocity profile within the corresponding area

to find the fluxes in each layer

Q1 ¼
f

8m

2

3
h�

X1
n¼1

64

P5
a1;n 1� coshPhð Þ þ b1;nsinhPh
h i !

; (8)

Q2 ¼
f

8

4

3
H�

X1
n¼1

128

P5
a2;n coshPH� 1ð Þ þ b2;nsinhPH
h i !

: (9)

In terms of our experiments, the unknown parameter is the viscosity ratio (m). The proce-

dure to find the viscosity ratio through the model is straight-forward. For given h (i.e., mea-

sured experimentally) and m (initial guess), the pressure gradient f can be calculated using the

flux constraint, i.e., the flux of the solution must be conserved at all times, i.e., Q2¼H. Then,
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using the calculated f, the flux of the biofilm layer (Q1) is calculated. Next, the average speed

of the biofilm layer is found through ��V 1 ¼ Q1=h.32 The average speed of the biofilm layer is

also measured experimentally. Thus, we can simply iterate on m until we find ��V
Model

1

¼ ��V
Experiment

1 .

V. MODEL RESULTS

Fig. 4 shows the variation of ��V1 versus m and h, showing that the average speed of the bio-

film increases by h (for a fixed m) and also decreases by m (for a fixed h). However, this figure

shows that the dependency of the biofilm viscosity on h is not very strong except near the wall

or near the middle of the channel. In the supplementary material document, we compare this

figure with a comparable figure from a different model that we developed in our previous

work.13

Fig. 5(a) shows the normalized velocity contours (Vi(x, z)) in each layer for a fixed inter-

face position (h¼ 1) and the aspect ratio of our microchannel (i.e., H¼ 5) for various values of

viscosity ratio (with m� 1). Note that the velocities in the biofilm layer are multiplied by m for

visualization (see supplementary material, Fig. S5 for more clarification and an alternative

method of visualization). We observe that for m> 1, the normalized biofilm velocity profiles

are modified and they are more affected in the biofilm layers. It is evident that the less viscous

fluid drags the more viscous fluid so that normalized velocities of the biofilm are the largest

close to the interface. Differences between the velocity profiles at m¼ 10 and m¼ 105 are

minor, implying that the dynamics of the flow becomes nearly independent of the value of the

viscosity ratio at very large m.

Fig. 5(b) shows experimental results for the down-stream velocity profile of the wall-

adhered biofilm subjected to 0.1 (wt. %) tryptone nutrient solution concentration in the time

interval 70–80 h. This time interval was adequately long to follow a sufficient number of

biofilm segments. These data were obtained by particle tracking analysis of the velocities of 20

biofilm segments at different x̂-positions between 0 (lm) and 380 (lm) from the microchannel

wall, the average width of the biofilm at that time. The average velocity was 7 (lm/h), which

compares well with the measured velocity of 6.5 (lm/h) for this sample at the same time in

Fig. 2. The model results using the formulation discussed earlier are superimposed on the data.

The results are in general agreement with the prediction and the differences, particularly far

from the liquid/biofilm interface, are reasonable considering the coarseness of the measurement.

However, larger discrepancies exist close to the interface. A number of factors and their combi-

nations could be responsible for this. Some examples could include higher structural heteroge-

neity that could weaken the biofilm self-adhesion near the edge (see the supplementary material

for a discussion about this), non-homogeneities in the biofilm viscosity throughout the layer, or

FIG. 4. Contours of lnð ��V 1Þ versus m and h for H¼ 5. The color bars represent the values of lnð ��V 1Þ.
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differences in bacterial population profiles, which are exacerbated in laminar flows.37 As a next

step, to improve the model and shed more light on the spatial variations in mechanical proper-

ties near the biofilm surface interface, it may be possible to include viscosity non-

homogeneities into our model.

Fig. 6(a) shows the prediction of the (effective) viscosity of the biofilm increasing with

time. To obtain this figure, the experimental data from Figs. 2(a) and 2(b) have been used as

inputs to the model.

VI. DISCUSSION

The approach to modeling biofilm viscosity in this work resulted in two principle experi-

mental differences compared to other approaches in the literature. The first was that it enabled

measurements that were largely passive, in the sense that it did not perturb the biofilm beyond

the constant laminar flow of the nutrient solution through the microchannel growth cell. To this

end, the applied shear force was approximated to be between 5.2� 10�4 (Pa) for an

FIG. 5. (a) Normalized velocity contours within the channel cross section in each layer for h¼ 1 and H¼ 5. The velocities

in the biofilm layer are multiplied by m for visualization. The color bars show the normalized velocity values. In each sub-

figure, the vertical axis shows �1/2� z� 1/2 and the horizontal axis shows �1� x� 4. From top to bottom m¼ 1, 2, 10,

105, respectively. The vertical dark lines show the position of the interfaces. (b) Velocity profiles (averaged over the thick-

ness of the channel) from experiments and the model velocity profile (averaged depth-wise) for wall-adhered biofilm by

experiment (red circles) and the output from the model (black line). Experimental values were obtained from particle track-

ing at all x̂-coordinates inside the biofilm between the times t̂ ¼ 70 and t̂ ¼ 80 h after inoculation under a modified LB

nutrient solution containing 0.1 (wt. %) tryptone concentration with flow rate 0.1 (ml/h). The model results are produced

through Equation (4) and using the biofilm viscosity from Fig. 6(a) at t̂ ¼ 70 h for ĥ ¼ 380 (lm).

FIG. 6. (a)Viscosity of the biofilm layer (l̂1) versus time (t̂) predicted based on the model. Two different nutrient concen-

trations are shown: 0.02 (wt. %) (solid blue triangles) and 0.1 (wt. %) (red circles). In calculation of the viscosity, shaded

error bands were estimated through the accumulation of uncertainty in the measurement of the velocity and the width of the

biofilm. (b) A plot of measured viscosity of Pseudomonas sp. biofilms (l̂b) grown in microfluidic flow cells under 0.1 (wt.

%) nutrient concentration versus time after formation (t̂0) as a result of the experimental and modeling approach used here

(red circles) compared to ones developed earlier (þ and open blue triangles).13,35 Experimental conditions were nearly

identical in all cases, except the flow rates, which were 0.1 (ml/h) in this work compared to 0.2 (ml/h) in the others.
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unconstricted microchannel (no biofilm growth) and 8.7� 10�4 (Pa) for a biofilm with

ŵ ¼ 400 ðlmÞ. Second, the measurements were continuous over 5 days with the maximum time

resolution of 30 min. This enabled measurements of viscosity throughout the experiment. The

results provided by the proof of principle experiment demonstrate the utility of the technique

(Fig. 6(a)). The time resolution of the technique revealed initial differences of over an order of

magnitude in viscosities of biofilms grown under different nutrient concentrations. Good time

resolution also revealed a subsequent normalization of viscosities between the two samples,

which was likely related to the time required for bacteria to regulate biochemical conditions to

realize viscous properties suited to the nearly similar shear environments in both cases. With

the exception of the first 20 h for growth under 0.02 (wt. %), a continuous thickening led to

increased viscosities between 10 (Pa s) to over 1000 (Pa s). Since it is unlikely that the slight

changes to shear stress could cause such a dramatic shear thickening, we assume that chemical

and structural changes related to aging were instead responsible. Consulting the literature, vis-

cosity measurements made on P. aeruginosa, which has been shown to share mechanical and

chemical similarities to Pseudomonas fluorescens, have been measured in the range of 10–106

(Pa s).22,48 Thus, our results show overlap with literature reports, but are on the lower end.

Longer duration experiments should be conducted to determine how our measurements, which

are still increasing after 120 (h), compare to the higher end of viscosity values reported in the

literature. We acknowledge the assumption in the repeatability of the proof of principle data

sets, which should be validated in new work focusing on experimental measurements. Here, we

validate the general trends of the data based on a comparison to recently published results from

a second distinct approach. Fig. 6(b) shows a comparison between data acquired in this study

with results from the different experiments, in which the same chemical conditions and biofilm

forming bacteria were used.35 As seen from Fig. 6(b), results show similar trends in terms of

the absolute values of viscosity and the general thickening in time. The main difference in the

data set generated by the current approach is the lack of a marked onset of a rapid thickening

phase in which the biofilm viscosity increase by over an order of magnitude in less than 10 h.

Readers are referred to the supplementary material document for a more detailed comparison of

the two techniques and their results.

The approach presented here also opens the way for similar measurements under different

imposed shear stresses to more accurately probe the interplay relationship between it and vis-

cosity. Further experimentation using this technique can hopefully lead to a better understand-

ing of the origins of the vast differences in measured biofilm viscosities. Measurements on dif-

ferent biofilm strains will also be important to demonstrate wider applicability of the technique.

Next, moving beyond the proof of principle experiments in this paper, we discuss how to

optimize the approach for future work. As seen from Table II, the microscope system should be

taken into account in relation to the limits in measurement of biofilm velocity, which impact cal-

culated viscosity. As discussed in more detail in the supplementary material, the minimum resolv-

able velocity is a function of the resolution of the microscope system in the x, y focal plane

(R̂x;y) and the time interval between frames. In the current work, an objective of 2� was used

and image frames were analysed every 2 h under highly viscous conditions (slow biofilm veloci-

ties). The experimentally determined minimum observable velocity was approximately 1.6 (lm/

TABLE II. Experimentally imposed confidence limits on velocity measurements based on numerical apertures and field of

views from the experimental system used in the current study.

Objective zoom
��̂V 1;minðlm=hÞ ��̂V 1;maxðlm=hÞ

2 1.6 8000

4 1.5 4000

10 1.2 1600

20 0.9 800

40 0.8 400

60 0.7 267
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h). Consulting Fig. 2(b), we can place high and low confidence in viscosity measurements before

and after nearly t̂ ¼ 90 ðhÞ, respectively. We note from Fig. 6(a) that this is approximately the

time when viscosity values in the 0.1 (wt. %) nutrient solution cease to increase monotonically.

High magnification objectives can improve the lower limit on measured velocities, albeit at the

expense of field of view and ultimately number of measurements for statistical purposes. The

smaller field of view would also reduce the maximum limit on biofilm velocity; however, even at

high magnification, the upper limit is already far higher than the fastest speed measured here.

This is discussed in more detail in the supplementary material. Alternatively, instead of using

higher resolution microscopy to observe subtle movements of biofilms, higher viscosity nutrient

solutions (e.g., containing glycerol) could be used to encourage faster flow of the biofilm. A

lower aspect ratio channel could encourage biofilm growth in the corners earlier by lowering the

vertical distance that the biofilm had to extend to contact both surfaces.

In addition to experimental improvements to get the best results from the existing model, there

are some avenues to optimize the model itself. For example, this could be achieved by incorporat-

ing viscoelastic properties of biofilms perhaps using a viscoelastic constitutive equation, to be

accompanied by appropriate experiments. Finally, going beyond biofilm applications, the presented

model can be used for a broad range of fluid dynamics applications, with added particles for visu-

alization, which could complement other microfluidic approaches to rheometry.49,59

VII. CONCLUSIONS

In this work, we present a semi-analytical fluid flow model that calculates time-varying

biofilm viscosities, based on time-lapse video microscopy. Low flow rates through low-aspect

ratio microfluidic channels supported the growth of side-wall adhered biofilms. This configura-

tion enabled optical microscope measurements of the input parameters to the model, namely,

average biofilm thickness at the vertical side-wall and its average velocity in response to the

imposed nutrient flow. Unlike in previous work, all measurements were direct and no estima-

tions were required.35 Using an analytical relation that is developed based on classical fluid

mechanics, the model then calculates the value of viscosity for a given width and average

velocity of the biofilm layer. We used this approach to measure viscosities from biofilms grown

under different tryptone concentrations in modified LB nutrients solutions. The results showed

that in the first 50 h of growth, viscosities increased by over 2 orders of magnitude. Initial

differences in biofilm viscosities under different nutrient concentrations, vanished after nearly

one day, after which thickening occurred with approximately the same rate in both samples.

The range of values obtained here fall in the lower end of viscosities reported in the literature.

Future tests are required to determine if older biofilms will attain viscosities at the higher end

after experimental times that extend longer than tested here. In addition to the role of aging,

the technique also opens up the ability to probe the role of applied shear stress. We hope that

this new methodology can contribute to impressive work from contributors over the last 25

years. Following the development of the model, experimental procedure, and its preliminary

application to a single biofilm strain, next steps include measurements on a wider variety of

biofilms and growth conditions.

SUPPLEMENTARY MATERIAL

See supplementary material for detailed descriptions on growth kinetics and biofilm hetero-

geneity, velocity tracking, nutrient solution viscosity, measuring width of biofilms at the side-

walls, comparison with previous studies, clarification on Fig. 5(a) of the main paper and shear

stress distribution.
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